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Abstract. Dry assembled precast concrete is currently trending for the
construction of low- and medium-rise residential buildings, especially in
countries requesting high construction volumes in limited time. Recently, dryassembled precast technology was investigated to be applied for the
construction of high-rise buildings, too. This paper analyses the dynamic
response of a 100m tall residential tower fully designed and detailed under
static loads with a dry-assembled couples frame/wall precast structural system,
when subjected to Vortex Induced Vibration (VIV). Within this framework, the
efficiency of different distributions of Tuned Mass Dampers (TMDs), from one
bulk device positioned at the top to smaller devices distributed along the height
of the building, in mitigating the wind-induced dynamic response is
investigated through a parametric analysis.
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1 Introduction
Precast concrete technologies is nowadays rapidly evolving, and it is currently used
for the realisation of all types of buildings, from single-storey industrial to high-rise
residential, with current world records referring to buildings taller than 200 m recently
constructed in the Middle East. Tall buildings currently adopt wet precast
technologies, which imply partial prefabrication of the structural and non-structural
elements, which are then assembled on site and completed with cast-in-situ concrete
pouring of joints and slab. This technology only partially exploits the potential for
high-quality and fast erection construction that a dry assemblage of the elements
could fully provide. Several construction systems are currently being detailing to
attain this result [1], which mainly refer to either coupled frame/wall systems [2], wall
panel systems [3], or 3D modular cell systems.
Thanks to the use of prestressing combined with high-quality concrete mixed in
highly technological batching plants and quickly delivered by automated buckets, and
by mechanical moulds, the structural elements can be engineered and optimised in

order to comply with the needs of reduction of weight, environmental sustainability,
and cost required by the current markets. As a result of the relevant reduction of mass
with respect to more typical alternative precast systems or cast-in-situ concrete
systems, the issue of wind Vortex-Induced Vibration (VIV) may become relevant and
crucial for a correct service performance of the building, since the related
accelerations may induce disturbance to its utilisers.
VIV is due to the alternate shedding of vortices in the wake of the structure. These
vibrations may occur under broad range wind conditions and are characterised by
oscillations which are mostly severe in the crosswind direction.
At low values of the wind velocity, the shedding frequency of vortices is controlled
by the Strouhal frequency:
ns = St U / b

(1)

where U is the mean wind velocity, b is a crosswind characteristic dimension of the
structure and St is the Strouhal number. The Strouhal number is a function of both the
geometry of the structure and of the flow regime, which may be identified through the
Reynolds number (Re), see e.g. [4,5].
Whenever the Strouhal frequency approaches a natural frequency of the structure,
fn, inducing resonant vibration, the vortex shedding frequency becomes controlled by
the motion of the structure and the Eq. (1) ceases to be valid. The critical velocity
(Ucr) corresponding to the “lock-in” between the dynamics of the structure and the
one of the vortex shedding can be simply evaluated by assuming ns=fn in Eq. (1) and
reads: Ucr=bns/St. In practice, synchronisation between vortex shedding and structural
vibrations can take place for mean wind velocity covering a range in the order of
0.9Ucr-1.2Ucr [4,5].
The vibration amplitude in lock-in conditions is mainly controlled by the Scrouton
number:
Sc = 4 π mn ξn / (ρ b2)

(2)

where ρ is the air density, ξn is the modal damping ratio and mn is the modal mass
per unit of length (see e.g. [6]). Small values of the Scrouton number are associated to
large amplitudes of vibration. Analysing Eq. (2), hence, allows to conclude that light
and lightly damped structure are prone to severe VIV in lock-in conditions, to be
potentially controlled through vibration control strategies. Typical acceptance limits
are provided in standards (e.g. by the Italian CNR-DT 207 R1:2018 [7]) in terms of
accelerations according to the use of the building (e.g. office or residential) as a result
of the probabilistic envelope of human subjective perceptions determined though
tests.
Specific devices such as viscous dampers or linear oscillators are commonly
employed to reduce the accelerations related to VIV, often combined with oscillating
masses in the form of Tuned Mass Dampers (TMDs). The design options related to
these devices are several, including their mass and damping ratio related to the
critical, and their distribution along the height of the building.
In particular, optimal solutions may be regarded and evaluated on the basis of
TMD distribution allowing for the minimisation of the mass to be added or, as an
alternative or as a combination, to that allowing for lower cost referring to real
devices.

2 Case study building and structural model
The case study herein considered is a regular 100m-tall (34 storeys above the ground)
residential tower made of a dry-assembled precast concrete construction system based
on coupled wall/frame system (Fig. 1a), where the main gravity system is made by
moment-resisting frames which are clamped with mechanical connections (see [2]) in
order to fulfil robustness design criteria, and the central elevator/stair core is
surrounded by precast wall panels rigidly connected to the frame structure. The
building has been fully designed and detailed under static loads by making use of a
three-dimensional (3D) Finite Element (FE) model. Serviceability conditions under
VIV were also assessed according to the specifications provided by the Italian CNRDT 207 R1:2018 [7]. This preliminary analysis highlighted potentially adverse values
of wind-induced accelerations at the top storeys of the building, claiming for the
design and implementation of a vibration control strategy.
The present paper presents a preliminary investigation on the efficacy of different
properties (mass and damping) and distributions along the height of the building of
Tuned Mass Dampers (TMDs) in mitigating the VIV. The issue is tackled on the basis
of a simplified structural model (Fig. 1b) to describe the lower flexural modes of the
building in crosswind direction.
The simplified structural model consists of a shear-type building, with 34 rigid
storeys of constant mass mf equal to about 880 ton, associated to the quasi-permanent
design load combination. The interstorey height (hi) is constant and the columns are
modelled as axially undeformable Euler-Bernoulli elements with cross sectional
bending stiffness EI.
Tuned Mass Dampers (TMDs), vibrating in the horizontal direction, can be rigidly
attached to the storeys of the building, as schematically depicted in Fig. 1b. The mass,
stiffness and viscous damping coefficient of the dampers are respectively denoted as
md, kd and cd. Different arrangements of dampers along the height of the building will
be considered in the present work for comparison purposes.
Whenever dampers are not attached to the building storeys (“bare structure”), the
natural frequencies and mode shapes of the simplified structural model can be
calculated through closed-form equations [8]. The fundamental frequency (f1) reads:
f1 = 1/ (2π) · √(kf/mf) sin[0.5 π / (2N+1)]

(3)

where N=34 is the total number of storeys and kf is the translational interstorey
stiffness of the columns, i.e. kf =2 · 12 EI/h3.
Eq. (3) was used to define the value of the bending stiffness of the columns (EI) in
order to obtain a perfect match between the fundamental frequency of the simplified
structural model and the frequency of the first flexural mode in the considered
crosswind direction of the building case study, namely: f1=0.37 Hz. This reference
frequency value was previously calculated by means of the more refined 3D FE
model.

(a)
(b)
Fig. 1. Case study building: (a) designed prototype; (b) simplified structural scheme for VIV
response calculation.

Let us denote as qj (j = 1, 2, …, N) and uk (k = 1, 2, …, Nd), respectively, the
displacement of the j-th storey with respect to an inertial reference frame attached to
the ground and the displacement of the k-th TMD relative to the storey it is attached
to. Consistently with classic approximate “externally forced models” for VIV of bluff
bodies (see e.g. [9]), the equations of motion of the simplified structural scheme read:
Mbs q’’ + Mcoup u’’ + Cbs q’ + Kbs q = F(t)
McoupT q’’ + Mtmd u’’ + Ctmd u’ + Ktmd u= 0

(4)

where: a prime denote derivation with respect to time (t); the vectors q and u are
defined as q=(q1, q2, …, qN)T and u=(u1, u2, …, uNd)T; the matrices Mbs, Cbs and Kbs
are respectively the mass, damping and stiffness matrix of the bare structure; Mtmd,
Ctmd and Ktmd are diagonal matrices describing the mass, damping and stiffness of the
TMDs; Mcoup is an inertial coupling matrix, that can be easily defined once the
number, position and mass of the TMDs are specified; F(t) is the vector of fluctuating
lift forces induced by the alternate shedding of vortices; and 0 is a zero column vector
of size Nd.

The fluctuating lift forces are herein modeled through the “space-discretised”
version of the classic Vickery and Clark [10] model proposed by Carassale and
coworkers in [11]:
F = A v(t)

(5)

where v(t) is a N-variate stationary random process describing the “reduced
shedding excitation” acting at the storeys of the building and A is a square coefficient
matrix of size N.
The process v(t) is described by a Cross Power Spectral Density Matrix (CPSDM),
Sv, with entries defined by the equations:
Svij(n) = √(Sv(zi, n)·Sv(zi, n)) exp[- (zi-zj)/(L·b)], i,j=1, 2 ,… , N

(6)

Sv(z, n) = 1/( √π · ns(z)·β(z))·exp{-[(n - ns(z))/(ns(z)·β(z))]2}]

(7)

where n is the frequency (Hz); zk=k·hi is the height of the k-th storey; b is the
characteristic crosswind dimension of the building,; L is the correlation length in units
of b; ns(z) is the Strouhal frequency evaluated through Eq. (1) at the height z, i.e.: ns =
St U(z) / b; U(z) is the mean wind velocity at height z (herein evaluated through the
logarithmic athmospheric boundary layer wind profile U(z)=2.5·u*ln(z/z0), where u* is
the shear velocity and z0 the roughness length); β(z) is the normalized spectral
bandwidth parameter that depends on the turbulence intensity Iu(z) of the longitudinal
(alongwind) wind component through the equation:

β(z) = √(β02 + 2· Iu2(z))

(8)

where β0 is a model parameter associated to almost laminar flow conditions that
can be assumed equal to 0.08 (cf. [10]) and the turbulence intensity is evaluated as
Iu=u*√(βu)/U(z), with βu = 4.80.
The entries of the coefficient matrix A are defined as:
Aij = 0.5 ρ s cls U2(z); i, j=1, 2, …, N, with i=j
Aij = 0,
otherwise

(9)

where ρ is the air density, s=b hi is the influence area of a storey and cls is the RMS
lift wake coefficient of the building cross section.
All calculations reported in the present work have been performed by assuming
characteristic geometric properties of the building (b=34 m, hi=3.0 m) and reference
values of the literature for the parameters defining the CPSDM (see [10-13]). The
parameters controlling the logarithmic wind profile (u*, z0), instead, have been defined
in order to significantly excite the first mode of the structure, with Strouhal frequencies
ns(z) close to (altough not strictly equal to) the fundamental frequency f1 of the structure
all over the upper third of the building, as it can be appreciated from Fig. 2(a).
Fig. 2(b) shows the direct terms of the CPSDM evaluated at the storeys number 10
(z=29m), 20 (z=58m) and 30 (z=87 m). These power spectral density functions are

narrow band stationary processes centred around the Strouhal frequency ns(z) and
spectral bandwith controlled. As a consequence, the input energy provided by the wind
to the first mode of the structure tends to increase for Strouhal frequencies values
approaching the fundamental frequency of the structure, f1.

(a)
(b)
Fig. 2. Modelling of wind-induced dynamic action: (a) Strouhal frequencies (ns) as a function
of the height (z); (b) Direct terms of the CPSDM of the reduced shedding excitation at storeys:
10, 20 and 30.

Due to the comparatively small number of degrees of freedom (dofs) with respect
to the one of the refined 3D FE model (total number of dofs of the simplified model =
N + Nd), the VIV response can be easily evaluated through a straightforward Direct
Frequency Domain (DFD) analysis (see e.g. REF, REF), relying on the calculation of
the Frequency Response Matrix (FRM) of the system, that is formally defined as:
H(n) = [-(2π n)2 M + i 2π n C + K]-1

(10)

where i is the imaginary unit, while M, C and K respectively are the mass,
damping and stiffness matrix of the full or damped structure (bare structure + TMDs),
that can be easily identified from inspection of Eq. (4).
The main advantage of a DFD analysis with respect to a classic modal analysis (see
e.g. Newland) is that DFD does not require the solution of the eigenvalue problem of
the full structure. The latter, indeed, require evaluation of complex eigenvalues and
eigenvectors whenever the TMDs are attached to the structure, due to the inherently
non-proportional character of the damping matrix C.
Finally, it is also worth noting that model reduction procedures (see e.g. [14])
could also be easily set up to reduce the computational burden related to the
calculation of the FRM. Due to the relatively small size of the problem at hand,
however, model reduction techniques have not been applied in the present work.

3 Results
In order to assess the effectiveness of different configurations of TMDs, spread along
the height of the building, five different arrangements have been considered: (a)
single TMD attached to the top storey of the building; (b) TMDs attached to the last

five storeys of the building; (c) TMDs attached to the last ten storeys of the building;
and (d) TMDs attached to the last fifteen storeys of the building. In each
configuration, the properties of all the TMDs (md, cd, kd) are assumed to be the same
(i.e. they do not vary as a function of the storey height).
In all cases, the stiffness (kd) of the TMDs has been defined such that the natural
frequency of the device exactly matches the fundamental frequency (f1) of the bare
structure, according to a well-know sub-optimal design strategy for the mitigation of
mono-modal vibrations (REF). The mass and damping coefficient of the TMDs,
instead, have been considered as variable design parameters.
In order to simplify the analysis of the results, the mass ratio µ and the damping
ratio νtmd of the TMDs are respectively defined as: µ = md / mf and νtmd = cd /
(2√(md·kd)), where mf is the mass of a single storey of the building.
All the analyses presented in the present work, have been carried out by assuming
a constant modal damping ratio equal to 1% for the bare structure. Starting from this
modeling assumption, the damping matrix of the bare structure Cbs has been defined
according to well-established criteria of the literature [15].
Results will be shown in terms of the peak acceleration of the storeys (obtained by
evaluating the peak factors under the assumption of independent crossings [16] and a
ten-minute window observation time). The effectiveness of a generic TMDs
arrangement, will be then evaluated through a simple comparison between the peak
accelerations of the damped structures and the ones of the bare structure.
Fig. 3 shows the peak acceleration of the storeys calculated for the four different
arrangements of TMDs previously described and the following set of design
parameters: (a) µ = 5%, νtmd = 2%; (b) µ = 3%, νtmd = 4%; (c) µ = 2%, νtmd = 5%; (d)
µ = 1%, νtmd = 5%.
As it can be inferred from Fig. 3, the four different TMDs arrangements have
comparable performances in terms of peak storey acceleration reduction. The relative
reduction of the peak acceleration at the top of the building (R) in the four different
cases is respectively equal to: (a) R = 21.3%; (b) R = 28.5%; (c) R = 30.4%; (d) R =
28.5%.
The three solutions with spread TMDs (cases b, c and d) perform comparatively
better than the one with a single TMD at the top of the building (case a), together with
significantly lower values of the mass ratio µ of the single TMD. Nevertheless, the
total mass of TMDs added shall be found as the sum of all masses installed at all
stories, and thus the single bulk device located at the roof storey would turn out to be
the most convenient in terms of reduction of added mass.
In order to get a deeper insight on the performances of the four different
arrangements of TMDs, parametric analyses have been carried out by assuming mass
and damping ratio values spanning the ranges: µ = 1%-10% and νtmd = 1%-20%. The
results are shown in Fig. 4 in terms of the relative reduction of the peak acceleration
at the top of the building (R) that will be simply denoted in the following as
“reduction parameter”.
Within the region of the design variables plane (µ, νtmd) herein considered, the
response of the case (a) – single TMD at the top of the building – turns out to be
significantly different from the one of the cases (b)-(d) – spread TMDs over the
height of the building.

(a)

(b)

(c)
(d)
Fig. 3. Efficiency of selected TMD distributions. Comparison between the peak storey
accelerations of the damped structures and the ones of the bare structures for different TMDs
arrangements: (a) single TMD at the roof, µ = 5%, νtmd = 2%; (b) distributed TMDs at top 5
storeys, µ = 3%, νtmd = 4%; (c) distributed TMDs at top 10 storeys, µ = 2%, νtmd = 5%; (d)
distributed TMDs at top 15 storeys, µ = 1%, νtmd = 5%.

The efficiency of the single TMD arrangement, indeed, increases at the increase of
the mass ratio µ in a region of the design variable plane characterized by small values
of the damping ratio νtmd. The maximum values of the function R= R(µ, νtmd) are in
the order of 27% for values of µ and νtmd respectively in the order of 10% and 4%.
On the other hand, in case of spread TMD arrangements (cases (b), (c) and (d)) the
function rapidly increases from small values (in the order of 10%-20% for mass ratios
in the order of 1%) to a plateau with values of R in the order of 35%, 40% and 43%
respectively for cases (b), (c) and (d).
Increasing the spreading of the TMD s, hence, makes the R=R(µ, νtmd) flatter, as it
can also be appreciated from Fig. (5), where the partial derivatives ∂µR=∂µR(µ, νtmd)
and ∂νtmd R=∂νtmd R(µ, νtmd) are shown.
On the overall, inspection of Figs. (4)-(5) allows to notice that spread TMDs over
the height of the building allows to achieve larger acceleration reductions with respect
to the single TMD arrangement with significantly lower values of the mass ratio µ.
Moreover, flatness of the function R=R(µ, νtmd) implies the robustness of the spread
TMDs design with respect to unwanted and potentially uncontrolled variations of the
design parameters (µ, νtmd) during the life of the building.
Definition of optimal design criteria of the TMDs arrangement was not explicitly
addressed in the present paper. Two comments, however, can be made on the basis of
the preliminary results obtained for this benchmark case study:

(1) inspection of the figures (4)-(5) suggests to combine information related to the
function R=R(µ, νtmd), its partial derivatives ∂µR=∂µR(µ, νtmd) and νtmd R=∂νtmd R(µ,
νtmd) and economic considerations to define an optimal design criterion;
(2) differently than a system with a single TMD at the top of the building, spread
TMDs arrangements have the potential to mitigate vibrations related to multiple
dynamic loading conditions, characterised by different characteristic frequencies (e.g.
VIV and earthquake loading conditions).

(a)

(b)

(c)
(d)
Fig. 4. Parametric analysis: 3D surface plot of peak acceleration reduction at the top of the
building (R) as a function of the TMD mass and damping ratio: (a) single TMD at the roof; (b)
distributed TMDs at top 5 storeys; (c) distributed TMDs at top 10 storeys; (d) distributed TMDs
at top 15 storeys.

(a)

(b)

(c)
(d)
Fig. 5. Parametric analysis: 3D surface plot of partial derivative of R with respect to the mass
ratio of the TMDs: (a) single TMD at the roof; (b) distributed TMDs at top 5 storeys; (c)
distributed TMDs at top 10 storeys; (d) distributed TMDs at top 15 storeys.

5 Conclusion
Mainly due to the relevant reduction of mass with respect to traditional cast-in-situ
tall buildings, precast concrete tall buildings may be subjected to wind-induced vortex
shedding accelerations that the building occupants may perceive as unacceptable. As
a possible design option, the installation of TMDs was shown to be effective in
reducing the top accelerations by ranges of up to 20⁓30%. Different options were
considered, including mass and damping of the single TMD, and number of storeys
where TMDs are installed. The parametric analysis carried out clearly showed that the
dynamic efficiency in terms of mitigation of acceleration is not directly dependent
upon mass and damping of the single TMD, but that optimal values could be
identified. Moreover, the distribution of TMDs over several storeys along the height
of the building may significantly alter the performance surfaces, obtaining the best at
much lower storey mass ratios, although tendentially with higher damping of the
single TMD.
The future work will be devoted to further enhancing the optimisation procedure
herein adopted by implementing a more realistic model strategy of the vortex
shedding action, and by assuming different criteria for optimisation, including
minimum acceleration reduction to avoid people annoyance, and multi-modal
acceleration mitigation considering multiple dynamic load conditions.
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